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The major family of neuropeptides (NPs) derived from the pk (pyrokinin)/pban (pheromone biosynthesis
activating neuropeptide) gene are deﬁned by a common FXPRL-NH2 or similar sequence at the C-termini.
This family of peptides has been found in all insect groups investigated to date and is implicated in reg-
ulating various physiological functions, including pheromone biosynthesis and diapause, but other func-
tions are still largely unknown in speciﬁc life stages. Here we identify two isoforms of pk/pban cDNA
encoding the PBAN domain from the sand ﬂy Phlebotomus papatasi.
The two pk/pban isoforms have the same sequence except for a 63 nucleotide difference between the
long and short forms, and contain no alternative mRNA splicing site. Two NP homologues,
DASGDNGSDSQRTRPPFAPRLamide and SLPFSPRLamide are expected, however, sequence corresponding
to the diapause hormone was not found in the P. papatasi pk/pban gene. The PBAN-like amino acid
sequence homologue SNKYMTPRL is conserved in the gene, but there is no cleavage site for processing
a functional peptide. Characterizing the expression of the isoforms in developmental stages and adults
indicates that the short form is differentially transcribed depending on the life stage. The P. papatasi
pk/pban gene is the only known pk/pban gene with two transcriptional isoforms and from examination
of endoproteolytic cleavage sites is expected to produce fewer peptides than most of the pk/pban genes
elucidated to date; only Drosophila melanogaster is simpler with a single NP detected by mass spec-
troscopy. A phylogenetic analysis showed P. papatasi pk/pban grouped more closely with other nemato-
ceran ﬂies rather than higher ﬂies.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommon-
s.org/licenses/by/4.0/).1. Introduction
Insect peptide neurohormones regulate a variety of physiologi-
cal functions such as fat body homeostasis, feeding, digestion,
excretion, circulation, reproduction, metamorphosis, and behav-
ioral events during development and reproduction (Gäde and
Goldsworthy, 2003). The pyrokinin (PK)/pheromone biosynthesis
activating neuropeptide (PBAN) (=pk/pban) family, a major neu-
ropeptide group found in insects, has been shown to have varying
functions across orders (reviewed in Rafaeli, 2009). These include
(among many others) stimulation of sex pheromone productionand induction of melanization in lepidopterans (Raina et al.,
1989; Matsumoto et al., 1990), hindgut muscle contraction in blat-
todeans (Holman et al., 1987), and most recently, stimulation of
trail pheromone biosynthesis in hymenopterans (Choi and Vander
Meer, 2012). This family of peptides shares a C-terminal
FXPRL-NH2 (or similar sequence), which is required for physiologi-
cal activity, and are produced in the neurosecretory cells of the cen-
tral nervous system (CNS) of insects (Raina and Kempe, 1990). In
Lepidoptera, PBAN is synthesized in the subesophageal ganglion
(SEG) and is released into the hemolymph via the corpora cardiaca,
a neurohemal organ. To date, about 200 PK/PBAN family peptides
have been reported from over 40 species (Choi et al., 2012).
Three genes can potentially produce FXPRL peptides: (1)
pk/pban gene usually codes for four or ﬁve FXPRL-NH2 (or similar
sequence) peptides (diapause hormone (DH), PBAN-like peptides);
(2) capa gene usually codes for two periviscerokinin (PVK) peptides
(with a C-terminal PRV-NH2) and one DH-like PK (different from
the DH found in the PBAN/PK gene); and (3) hugin, found in
Drosophila, is the equivalent to pk/pban which codes for two
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sequent studies have shown only a single functional peptide
detected by mass spectroscopy (Baggerman et al., 2002, 2005).
While peptides similar to those derived from capa genes have been
found in crustaceans (the whiteleg shrimp Litopenaeus vannamei),
chelicerates (the tick Ixodes scapularis, Metaseiulus occidentalis),
and Caenorhabditis elegans, to date pk/pban genes and peptides
have only been found in insects (Torfs et al., 2001; Lindemans
et al., 2009; Neupert et al., 2009).
The ﬁrst PBAN, a 33 amino acid peptide, was discovered in
Helicoverpa zea (Raina et al., 1989), andwhile the physiological func-
tion of most PBANs is largely unknown, the majority of functional
work has focused on the regulation of sex pheromone biosynthesis
in Lepidoptera. Recently, the ﬁre ant PBAN has been demonstrated
to stimulate a trail pheromone production in the Dufour’s gland of
ant workers (Choi and Vander Meer, 2012). Explorations of these
neuropeptides in Diptera have also revealed much about the genes
involved in synthesizing these peptides. Some indications of func-
tion have been demonstrated (Zdárek et al., 1997; Verleyen et al.,
2004) by showing that the PK peptide accelerates pupation in the
ﬂesh ﬂy, Sarcophaga bullata. In mosquitoes, expressions of the
pk/pban gene, as well as the PBAN and DH receptor genes, have been
determined for all life stages of themosquito Aedes aegypti and both
receptors were shown to be functional through expression binding
assays (Choi et al., 2013). Hellmich et al. (2014) localized
PK/PBAN-like peptides to speciﬁc neuronal groups in the nervous
system of larval and adult Ae. aegypti. These two studies are the ﬁrst
to characterize the pk/pban gene and expressed peptides in a species
that vectors disease, potentially opening a new pathway by which
pests can be targeted for control (Choi et al., 2012).
The sand ﬂy Phlebotomus papatasi is an Old World vector of sev-
eral species of Leishmania protozoan parasites. Leishmaniasis, a
disease whose main reservoir is rodents, is responsible for over
70,000 human deaths annually (Kedzierski, 2010). P. papatasi vec-
tors L. major and L. arabica in North Africa and the Middle East, and
L. major and L. turanica in Iran and neighboring countries (Ready,
2013). These species of Leishmania cause cutaneous leishmaniasis,
a chronic and slow healing disease that causes sores on the skin or
mucous membranes. Other species of sand ﬂy vector the more dan-
gerous visceral leishmaniasis, which spreads to the internal organs
and is responsible for the majority of fatalities from this disease
(Kaye and Scott, 2011). Current methods for protecting people
from sand ﬂy bites, such as treating soldiers’ uniforms or bednets
with insecticides, have not been proven effective in reducing leish-
maniasis cases (Alten et al., 2003; Courtenay et al., 2007). Studies
in Israel have shown that P. papatasi populations could be signiﬁ-
cantly reduced by the application of attractive toxic sugar baits
(ATSB), a mixture of juices, sugars, and boric acid as the toxicant
(Müller and Schlein, 2011). Strategies such as this, combined with
a better understanding of the physiology and molecular biology of
phlebotomines, may produce methods more tailored to preventing
sand ﬂy vectored diseases.
In this study, we identiﬁed and characterized the pk/pban gene
from P. papatasi (Phlpa-pk/pban), the ﬁrst from a sand ﬂy. This is
the only known pk/pban gene with two transcriptional isoforms.
Expression of the Phlpa-pk/pban gene transcription was examined
in egg, larval, pupal, and adult life stages, and the phylogeny of all
available transcripts that code for PK/PBAN-like peptides is
discussed.
2. Materials and methods
2.1. Insects
The P. papatasi colony at USDA-ARS-CMAVE, Gainesville, FL was
established from the Israeli strain colony at Walter Reed ArmyInstitute of Research (Silver Spring, MA). Larvae were reared on a
diet containing rabbit feces, and adults were membrane fed using
bovine blood. Immature life stages of P. papatasi were collected as
pools of approximately 0.1 mL of eggs, 1st instar larvae, 4th instar
larvae, and pupae. Male and female adults were sampled at 1–2D
post-emergence (PE), 4–6D PE, and 8–9D PE. Groups of 100 females
of each adult age group were decapitated with heads and abdo-
mens collected separately. Fifty to 100 whole females were col-
lected in tandem. All dissections were performed on dry ice, and
samples were held at 80 C until processing.
2.2. Total RNA isolation and cDNA synthesis
Total RNA was extracted from all P. papatasi life stage samples
using the RNAqueous-4PCR Total RNA Isolation Kit (Ambion/Life
Technologies) as per the manufacturer’s instructions, including a
DNAse I step to remove any contaminating DNA. RNA was quanti-
ﬁed on a Nanodrop 2000 (Thermo Scientiﬁc). RACE-ready cDNA
was generated with the GeneRacer Kit with SuperScript III RT
(Invitrogen/Life Technologies) using a mixture of 1000 ng of total
RNA isolated from whole females from each age group. The manu-
facturer provided GeneRacer 50 RNA oligo was ligated to full length
capped RNA and then reverse transcription was carried out using
GeneRacer oligo dT primer, resulting in 50 and 30 RACE-ready
cDNA. First-strand cDNA libraries for expression studies were gen-
erated from 300 ng of total RNA from each life stage using the
Cloned AMV First-Strand cDNA Synthesis Kit (Ambion/Life
Technologies) and stored at 20 C.
2.3. Molecular cloning
To identify putative sand ﬂy homologues, the Ae. aegypti
PK/PBAN protein sequence, AAEL012060-PA, and PK1 protein
sequence, AAEL012796-PA, were collected from Vectorbase
(www.vectorbase.org) and used as a query against the WGS data-
base sequences of P. papatasi and L. longipalpis on the genome ser-
ver of NCBI using the tBLASTn option. Genomic sequences were
examined using ORFinder to determine putative open reading
frames in the area of the initial match and for initial primer design.
The 50 end of the pk/pban transcript was ampliﬁed using the sense
GeneRacer 50 primer 50-CGACTGGAGCACGAGGACACTGA-30 and the
gene speciﬁc antisense primer 50-CCTTCCGAGTCTGGGTGAGAAGG
GTAA-30. The 30 end of the pk/pban transcript was ampliﬁed using
the gene speciﬁc sense primer 50-CCGCGTCTTGGACGAGATGCATC
TGGA-30 and the antisense GeneRacer 30 primer 50-GCTGTCAACG
ATACGCTACGTAACG-30. Touchdown PCR was performed as per
the GeneRacer protocol with the following modiﬁcations: 5 cycles
of 94 C for 30 s and 72 C for 45 s; 5 cycles of 94 C for 30 s and
70 C for 45 s; and 25 cycles of 94 C for 30 s, 62 C for 30 s, and
72 C for 45 s. Bands of interest were gel puriﬁed and cloned using
the pGEM T-Easy Vector System (Promega) per the manufacturer’s
instructions, and then sequenced by Macrogen USA.
2.4. Reverse transcriptase (RT)-PCR for pk/pban expression
Total RNA from each P. papatasi life stage (20 ng per sample)
was used to amplify the full pk/pban gene sequence with the pri-
mer set, 50-GAGTATTGACTTGGATATCGAAACG-30 and 50-AACCAAT
TTATTTCAAAATTTGC-30. A 101-bp fragment of the sand ﬂy riboso-
mal protein S7 (RPS7) gene was also ampliﬁed for a positive control
using primers 50-GCAGTGAACCGGATGAGTTT-30 and 50-CGTTATGT
GCAAATCCCTCA-30. The one-step RT-PCR was performed as fol-
lows: 1 cycle of 50 C for 30 min and 40 cycles of 94 C for 30 s,
52 C for 30 s, and 72 C for 1 min using RT/Taq mix polymerase
(Invitrogen/Life Technologies). Then PCR products were visualized
using GelRed (Biotium) under a UV light after 1.5% agarose gel
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then conﬁrmed by DNA sequence at the Interdisciplinary Center
for Biotechnology Research (University of Florida).
2.5. Phylogenetic analysis of dipteran pk/pban genes
Sequences for pk/pban analysis were collected from an initial
BLASTp (Altschul and Lipman, 1990) search of the Ae. aegypti cod-
ing sequence AAEL012060-PA at both NCBI and Vectorbase. Three
known sequences from the capa family and four hugin family
sequences were included as outgroup sequences because they have
been proposed as derivatives from the same ancestral neuropoep-
tide gene that encodes pk/pban neuropeptides, and are similar to
the pk/pban family of neuropeptides but distinct in structure. The
76 collected sequences (69 putative pk/pbans) were aligned on
the MAFFT server (http://mafft.cbrc.jp/alignment/server) using an
iterative alignment option, E-INS-I (Katoh et al., 2005).
The dataset underwent reﬁnement by using CD-HIT (Fu et al.,
2012) to remove redundant sequences with ﬂagging for exclusion
at 100% homology. CD-HIT identiﬁed three sequences with com-
plete homology; one was clearly a duplicate entry and removed.
Two sequences, from A. coluzzi and A. arabiensis,matched the exact
sequence of the Anopheles gambiae pk/pban transcript
XM_037885.2. These are all part of the An. gambiae species com-
plex but have recently been delineated as separate species so they
were kept in the alignment (Coetzee et al., 2013).
The 75 remaining sequences were realigned using the same
method and then transferred to SEAview 4.0 (Gouy et al., 2010) for
examination. Four partial sequences were removed from the align-
ment and obvious misalignments were edited. The resulting 71
sequences were realigned using E-INS-I parameters in MAFFT and
this ﬁnal alignment was transferred back to SEAview. Tree building
was done using the maximum likelihood method implemented in
PhyML 3.0 (Guindon et al., 2010) with parameters, -d aa -m LG -b
100 -v 0.0 -c 4 -a e -f m -i. One hundred rounds of non-parametric
bootstrapping were done to give branch support values. The result-
ing treewasdisplayedandedited in FigTREEv1.4.0 (Rambaut, 2007).
Accessionnumbers of sequences used for tree building are:Apismel-
lifera NP_001104182.1; Apis dorsata_X2 XP_006623534.1; A.
dorsata_X1 XP_006623533.1; Apis ﬂorea XP_003693827.1; Bombus
terrestris XP_003396136.1; Bombus impatiens XP_003484888.1;
Megachile rotundata XP_003703358.1; Cerapachys biroi
EZA59078.1;Harpegnathos saltatorEFN90009.1; Solenopsis geminata
ADI88478.1; Solenopsis pergandei ADI88479.1; Solenopsis invicta
ACL35348.1; Solenopsis carolinensis ADI88480.1; Acromyrmex echi-
natior EGI64203.1; Camponotus ﬂoridanus EFN67760.1; Nasonia vit-
ripennis NP_001161197.1; Coptotermes formosanus FK830503.1;
Pediculus humanis corporis XP_002423845.1; Acyrthosiphon pisum
ACYPI48299-PA; Tribolium castaneum EFA11568.1; Meligethes
aeneus Locus_14696; Dendroctonus ponderosae ENN70850.1;
D. frontalis GAFI01006200.1; Anthonomus grandis c14590; Bombyx
mori NP_001037321.1; Antheraea pernyi AAR17699.1; Samia ricini
AAP41132.1; Clostera anastomosis ABR04093.1; H. assulta
O18641.1;H. armigeraAAQ82626.1;H. zea P11159.2;Heliothis vires-
cens AAO20095.1; Spodoptera exigua AAR87744.1; S. littoralis
AAK84160.1; Agrotis ipsilon O76818.1; Orgyia thyellina
BAE94185.1; Maruca vitrata AFX71575.1; Omphisa fuscidentalis
AFP87384.1; Ascotis selenaria cretacea BAF64458.1; Adoxophyes_sp.
KSB-2001AAK72980.1;Danaus plexippus EHJ67284.1; Plutella xylos-
tella AEP25400.1; An. darlingi ETN67561.1; An. gambiae
XP_307885.2; An. arabiensis AARA004076-PA; An. coluzzii
ACOM041909-PA; An. melas AMEC022455-RA; An. merus
AMEM012584-RA; An. quadriannulatus AQUA010870-RA; An. min-
imus AMIN004571-PA; An. funestus AFUN002167-RA; An. stephensi
ASTE003479-RA; An. farauti AFAF013267-RA; An. dirus
ADIR006654-RA; An. epiroticus AEPI005333-RA; An. atroparvusAATE004392-RA; An. sinensis ASIS007116-RA; Ae. aegypti
AAEL012060; Culex quinquefasciatus XP_001847418.1; Corethrella
appendiculata JAB59846.1; Lutzomyia longipalpis AJWK01017061.1
5824-6407; Ixodes scapularis XP_002407526.1;Metaseiulus occiden-
talis XP_003747956.1; Drosophila sechellia XP_002037274.1;
Drosophila mojavensis XP_002000832.1; Drosophila grimshawi
XP_001989618.1; Drosophila melanogaster NP_524329.1,
AAF62876.1; Glossina morsitansGMOY003497-RA;Musca domestica
XP_005190209.1.3. Results and discussion
3.1. pk/pban cDNA and isoforms
Ampliﬁcation of the 50 end of the P. papatasi pk/pban transcript
from the RACE-ready cDNA yielded two major bands of 600 bp
and 650 bp, and 30 end RACE-PCR produced one major band of
350 bp. Sequencing and assembly of all three bands yielded
two different pk/pban transcripts; one long form with 763 bp
excluding the poly-A tail (GenBank accession #KM407612), and
one short form with 700 bp excluding the poly-A tail (GenBank
accession #KM407613). The sequences of the two isoforms are
the same except for a 63-nt in-frame insertion in the long isoform,
as indicated in red in Fig. 1. The short isoform does not alter the
translation of PBAN and other neuropeptides (NPs) compared to
the long isoform. Mapping the short transcript back to the genomic
contig AJVK01004015.1 using NCBI Spidey shows support for a
canonical splice donor and acceptor site at each end of the site of
the 63 bp insertion. A signal peptide cleavage site was predicted
between amino acids N17 and Q18. The pk/pban cDNAs are pre-
dicted to produce three putative peptides based on potential mono
or dibasic endoproteolytic cleavage sites (Veenstra, 2000; Southey
et al., 2008), K142, R153, K176–K177, R187 indicated in bold italics in
Fig. 1 (Fig. 1(A); numbering refers to Phlpa-pk/pban long form tran-
script). Three PBAN-like pre-pro-peptides, SNKYMTPRL,
DASGDNGSDSQRTRPPFAPRL and SLPFSPRL, are conserved, and
the latter two are predicted to be functional peptides with
C-terminal amidation. The SNKYMTPRL is probably not produced
due to the ambiguity of the cleavage site K142, as discussed below.
The DH homologue reported from most insects is not found in the
P. papatasi pk/pban gene.
Neuropeptide isoforms produced by alternative mRNA splicing
are not common, although a few cases have been demonstrated
from the allatotropin of the tobacco hornworm (Taylor et al.,
1996) and the capa of the ﬁre ant (Choi et al., 2014). These neu-
ropeptide isoforms are translated from multiple exons that are
alternative transcripts from genomic DNA. The number of exons
in insect pk/pban genes varies, with six exons in Lepidoptera (i.e.
moth) and three exons in both Hymenoptera (i.e. ant) and
Diptera (i.e. ﬂy and mosquito) (Choi et al., 2011; Holt et al., 2002;
Hoskins et al., 2007). A search of the P. papatasi genome (https://
www.vectorbase.org) found only a single exon for both the long
and short isoforms of pk/pban gene without an intron gap. This is
unusual, indicating it could be missing, incorrectly annotated, or
a novel gene structure.3.2. pk/pban expression
Transcription of the Phlpa-pk/pban gene was investigated from
egg through the adult stage by reverse-transcriptase (RT)-PCR (Fig
2). The Phlpa-pk/pbanmRNA long isoform was clearly expressed in
all stages; however, the short isoform was only detected in pupae
and adults. This suggests that the two Phlpa-pk/pban isoforms
could function in tandem or individually during speciﬁc life stages.
The expression of insect pk/pban at the transcriptional level during
Fig. 1. P. papatasi pk/pbanmRNA transcripts and translated amino acids of the two splice variants. (A) Long transcript. Red indicates nucleotide differences between long and
short forms. (B) Short transcript. Three P. papatasi PBAN-like neuropeptides (underlined) predicted are conserved using putative endoproteolytic cleavage sites (bold italic);
Gly (G) as potential amidation signal is italicized. SNKYMTPRL may not be processed as a functional peptide due to the ambiguty of the cleveage site (K142) in the N-terminus.
The ﬁrst ATG was used as the initiation codon, TAA as the termination codon, and AATAAA as the polyadenylation signal (indicated in boxes).
Fig. 2. Expression proﬁles by the analysis of P. papatasi pk/pban mRNAs during
developmental stages and adult. Total RNAs (20 ng per sample) were utilzed for 40
cycles of one-step RT-PCR; Rps7 gene was used as positive control. E, embryonic
egg; L1/ L4, ﬁrst/ fourth instar larva; P, pupa; AB, adult body without head; and AH,
adult head. RT-PCR was repeated three times.
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moth (Xu et al., 1995), the ant (Choi et al., 2012) and the mosquito
(Choi et al., 2013). Also FXPRL peptide immunoreactivity was
detected in larval hemolymph from a moth, Samia cynthia ricini
(Wei et al., 2004). These previous studies suggest that
PK/PBAN-like peptide(s) are released from neurosecretory cells in
developmental stages; however, their function is not known. In
Diptera, however, PK/PBAN-like peptides could have functional
implications to coordinate feeding behavior and growth in
Drosophila (Meng et al., 2002; Bader et al., 2007a) and accelerate
pupariation in the grey ﬂesh ﬂy (Verleyen et al., 2004). Receptors
for PK/PBAN (=PK2 type) and DH (=PK1 type) peptides have been
identiﬁed from Drosophila (Rosenkilde et al., 2003) and the mos-
quito (Olsen et al., 2007).
Differential expression of the two pk/pban isoforms was
observed in sand ﬂy eggs, larvae, pupae and adults (Fig. 2). In eggs
and larvae, only the long Phlpa-pk/pban isoform was identiﬁed,
whereas we identiﬁed both isoforms in pupae and adults. The
expression levels of the two isoforms were similar in the pupalstage, and the short form was relatively more abundant in the
adult stage (Fig. 2). The recently identiﬁed ﬁre ant capa produced
two isoforms and also showed alternative mRNA splicing and
expression (Choi et al., 2014). Similar to our ﬁndings in the sand
ﬂy, the ﬁre ant capa long isoform also was actively expressed dur-
ing all life stages. Most insect capa genes produce one WFGPRL or
similar motif in the C-terminal ends, designated as a PK1 type of
peptide (Jurenka and Nusawardani, 2011; Predel and Wegener,
Fig. 3. Comparison of DH and PBAN-like neuropeptides encoded from selected pk/pban genes in Insecta. Proposed NP sequences shaded in mosquitoes and ﬂies are not
expected to be functional peptides. Full amino acid sequence comparisons are from lepidopteran species, Helicoverpa zea (U08109), H. assulta (U96761), H. armigera
(AY043222), Heliothis virescens (AY173075), Agrotis ipsilon (AJ009674), Spodoptera littoralis (AF401480), S. exigua (AY628764), Clostera anastomosis (AY786305), Orgyia
thyellina (AB259122), Antheraea pernyi (AY445658), Bombyx mori (NM_001043856), B. mandarina (Xu et al., 1999), Manduca sexta (AY172672), Samia cynthia ricini
(AY286544), Adoxophyes sp. (AF395670), Plutella xylostella (AY904342), Ascotis selenaria cretacea (AB308061), Maruca vitrata (AFX71575), Danaus plexippus (EHJ67284);
hymenopteran species, Solenopsis invicta (ACL35348), S. richteri (ADI88481), S. geminata (ADI88478), S. pergandei (ADI88479), S. carolinensis (ADI88480), Apis melifera
(NP_001104182); coleopteran species, Tribolium castaneum (EFA11568); and dipteran species, An. gambiae (XM_307885), Ae. aegypti (Q16N80), P. papatasi (this study), and D.
melnogaster (AAF54833). Genebank accession numbers are in parenthesis.
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capa peptides, and the corresponding receptors, indicate the two
genes could have originated from the same ancestor.
As anticipated, the transcripts of pk/pban were observed only in
the adult head (AH) but not in the adult body (AB) (Fig. 2). This
result is similar to the previous studies from pk/pban found in
the ﬁre ant (Choi et al., 2011) and the mosquito (Choi et al.,
2013). In general, the pk/pban gene is expressed in the SEG only,
but the capa gene is found in both the SEG and abdominal ganglia
(AG). Recently P. papatasi capa gene products and the partial DNA
sequence have been identiﬁed from abdominal perisympathetic
organs (aPSOs) (Predel et al., 2013). Immunocytochemical localiza-
tion of the PK/PBAN-like peptides in the CNS using PBAN anti-sera
should be carefully approached because the FXPRL peptide
anti-sera is expected to react with all FXPRL peptides regardless
of the gene producing them. This cross-reactivity with capa PKs
(with shared FXPRL) makes it difﬁcult to determine whether speci-
ﬁc immunoreactivity is from the pk/pban or capa gene. To better
understand PK/PBAN localization and neuronal activity in insect
CNS both immunocytochemistry and reverse transcription meth-
ods need to be employed (Hellmich et al., 2014). Mass spectro-
scopic analysis of PSO and SEG organ peptide products also helps
differentiate pk/pban or capa gene expression (Predel et al., 2013).
3.3. pk/pban gene structure and homology
Lepidopteran species have been found to produce PK/PBAN-like
peptides: ﬁve NPs including one PK1 (=DH) and four PK2-type pep-
tides including PBAN (Fig. 3). Outside Lepidoptera, other insect
groups (e.g., Hymenoptera, Coleoptera, and Diptera) expresshomologues of only some of the analogous NPs produced by
Lepidoptera. Putative NPs resulting from post-translational peptide
processing is more complicated in Culicidae, Psychodidae and
Drosophilidae (Fig. 3). We revisited the processing of NP homo-
logues (Fig. 3) and found that these are dubious sites due to the
ambiguity of the N-terminal endoproteolytic cleavage sites as
shown in bold italic letters (Fig. 1). These are K-P-R-K in An. gam-
biae (Holt et al., 2002), R-V-L-R in Ae. aegypti (Nene et al., 2007),
Q-K-L-R in D. melanogaster (Choi et al., 2001; Meng et al., 2002),
and H-P-E-K in P. papatasi (this study) (expected cleavage sites in
bold italics). Based on mono or dibasic cleavage sites in insect neu-
ropeptides (Southey et al., 2008; Veenstra, 2000), the Ae. aegypti
NP, QPQPVFYHSTTPRL (but not the An. gambiae homologue) is
expected to be processed as a mature peptide (Bader et al.,
2007b), however, the peptide was not detected from the SEG by
the mass spectroscopy analysis (Predel et al., 2010). In another
study, we found the synthetic NP QPQPVFYHSTTPRLamide poorly
activated (EC50 value, >5 lM) the Ae. aegypti PK2 (PBAN-like)
receptor (Choi et al., 2013) and another PK2 receptor (data not
shown), which indicates it may not be processed as a functional
peptide. In An. gambiae the predicted cleavage site, -R-K, is uncom-
mon but is a potential cleavage site that is found in Apis and
Drosophila (Southey et al., 2008). However, when the synthetic
KPQPIFYHTTSPRL of An. gambiae (Ang-PK) was tested for binding
activity to the Ang-PK2 receptor, it only activated the receptor at
a high concentration (160 nM) (Olsen et al., 2007). Therefore, this
peptide also might not be processed in the mosquito, however, fur-
ther study is necessary to conﬁrm the presence or absence of the
mature peptide. In the previous reports, QLQSNGEPAYRVRTPRL of
D. melanogaster had been proposed as a hugin pre-pro-peptide
Fig. 4. Maximum Likelihood phylogeny of known and putative PK/PBAN family proteins from arthropods showing distinct groupings by order and the relationship to the
CAPA proteins. The overall topology of the tree conﬁrms and the early divergence of the CAPA protein (found widely in insects and some chelicerates) from the PK/PBAN
lineage. Note the dipteran PK/PBANs reﬂect current taxonomic classiﬁcation with the C. appendiculata PK/PBAN more closely related to the culicid PK/PBANs than the two
psychodids, P. papatasi and L. longipalpis. Sequence alignment was performed using MAFFT server, subjected to CD-HIT and then reviewed and adjusted in SEAview4.0.
Treebuilding took place within the SEAview platform using the PhyML 3.0 option (conditions as speciﬁed in the methods section) and then subjected to 100 rounds of non-
parametric bootstrapping. Branch support values are shown at nodes. Amino acid sequence and accession numbers from GenBank, Ensemble, or Vectorbase are provided in
the methods section. Culicidae spp. are shown collapsed. 1CAPA proteins are found in most insects examined here as well as other insect orders that do not have known PK/
PBANs. Two chelicerate sequences also aligned with the CAPA group.
60 M.-Y. Choi et al. / Journal of Insect Physiology 79 (2015) 55–62from the hugin gene (Meng et al., 2002), but subsequently, this
peptide was not detected from the CNS or ring gland by peptidomic
analysis using mass spectroscopy (Baggerman et al. 2002, 2005;
Wegener et al., 2006). Also, the mono basic residue (R) before the
QLQSNGEPAYRVRTPRL peptide may not be a splice site, and there-
fore would not result in a functional peptide in D. melanogaster
(Bader et al., 2007b). As demonstrated in these examples from
mosquitoes and Drosophila, the mono basic K142 in the
N-terminus of P. papatasi SNKYMTPRL underlined in Fig. 1 is pre-
sumably not a cleavage site for processing a functional peptide(Fig. 3). This needs to be conﬁrmed by another method such as
mass spectrometry.
Insect DH (=PK1) precursor with a WFGPRL signature is always
positioned in the ﬁrst domain of most insect pk/pban genes. In the
sand ﬂy, the DH precursor is not present on the pk/pban gene,
which is similar to the D. melanogaster hugin gene that belongs to
the pk/pban family of genes (Bader et al., 2007b). PK1 peptides of
D. melanogaster (Kean et al., 2002) and P. papatasi (Predel et al.,
2013) are being translated from capa mRNAs rather than from
pk/pban genes. The comparative sequence analyses of pk/pban
M.-Y. Choi et al. / Journal of Insect Physiology 79 (2015) 55–62 61family peptides reported thus far, suggest that D. melanogaster is
the simplest with a single NP, followed by P. papatasi with two
NPs (Fig. 3).
Lepidopteran pk/pban genes contain 5 NP sequences; however,
non-lepidopteran homologues have 2–5 potential NP sequences.
This has resulted in confusion over which conserved domains are
present among non-lepidopteran species, and how to apply the a,
b, PBAN and c NP labels. While we have adopted the format of
Jurenka and Nusawardani (2011), other examples of PBAN-like
peptide classiﬁcations exist in the literature (Choi et al., 2010;
2013; Chang and Ramasamy, 2014). Thus, a class-wide pk/pban
translation analysis is needed to identify which conserved peptide
domains are present, regardless of functional processing, thereby
making it possible to reliably identify NP products. Concurrence
with receptor binding data for these ligands will be critical conﬁr-
mation of NP classiﬁcation.
3.4. Phylogenetic analysis of dipteran pk/pban genes
The protein coding sequence of 69 known or predicted full
length pk/pban transcripts including hugin and capa outgroup
sequences were used to construct a maximum likelihood phy-
logeny (Fig. 4). These outgroup sequences were clearly divergent
from the pk/pban lineage as has been postulated previously by
others (Choi et al., 2014).
Overall, the recovered pk/pban clades clearly reﬂect insect
order-level divergences with clear individual clades for
Lepidoptera, Hymenoptera, and nematoceran dipterans which
were characterized by larger numbers of sequences. Hemiptera,
Isoptera, and Phthiraptera were each only represented by one
sequence. The aphid and termite sequences did group as separate
taxa from other insects but being singletons, they are not well
resolved and bootstrap values are low. The human body louse
sequence, the only phthirapteran representative, was mixed with
the Coleopteran clade which had fairly low branch support.
Further sequences from these orders would probably better resolve
this part of the phylogeny. Note that even though bootstrap values
within order-level clades can be high, in many cases they are not
and they are generally low at deeper nodes indicative of: (1) the
higher rate of divergence in these speciﬁc neuropeptide sequences
and (2) the varying number of propeptides encoded (see Fig. 3).
In this study, the identiﬁed P. papatasi transcript clearly groups
with the Diptera pk/pban genes. Search of the L. longipalpis
sequences at NCBI also revealed a very similar transcript, although
this has not been veriﬁed by experimental characterization. Both
the homology to another psychodid and the phylogenetic position
of the P. papatasi sequences give support to these being true
pk/pban genes, although somewhat divergent. Additionally, a
pk/pban sequence was identiﬁed from NCBI in the transcriptome
of C. appendiculata, the frog biting midge, which is more closely
related to the culicids and psychodids than to the brachycerans.
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